OBJECTIVE -We studied the C-peptide response to oral glucose with progression to type 1 diabetes in Diabetes Prevention Trial-Type 1 (DPT-1) participants.
S
tudies indicate that type 1 diabetes develops over a period of years (1) (2) (3) (4) (5) . Immunologic damage and destruction of ␤-cells result in ongoing metabolic deterioration that continues even after diagnosis. It appears that there can be an increase in glucose levels for at least 2 years before diagnosis. This increase is rather gradual initially, but becomes more rapid as onset approaches. Despite the increase in glucose with progression, overall measures of C-peptide from oral glucose tolerance testing (OGTT), such as the area under the curve (AUC) C-peptide, and the peak Cpeptide, change relatively little until close to diagnosis (2, 6) .
It is quite possible, however, that overall measures of C-peptide fail to discern more subtle changes that occur with progression to type 1 diabetes. The partitioning of C-peptide responses according to the time after an oral glucose challenge could yield a better understanding of changes in insulin secretion over time. Thus, we have used the serial OGTTs from the Diabetes Prevention Trial-Type 1 (DPT-1) (7, 8) to examine changes in earlier and later C-peptide responses to an oral glucose challenge with progression to type 1 diabetes.
RESEARCH DESIGN AND
METHODS -There were 504 participants of the parenteral and oral insulin DPT-1 trials included in the analysis. For certain analyses, subgroups of that cohort were studied according to specific criteria. All DPT-1 participants were islet cell autoantibody (ICA)-positive relatives of type 1 diabetic patients. Estimated 5-year risks of Ͼ50 and 26 -50% were required for entry into the parenteral and oral insulin trials, respectively. A Ͼ50% 5-year risk estimate was based on a first-phase insulin response from an intravenous glucose tolerance test below a defined threshold and/or the presence of an OGTT abnormality other than diabetes. If those metabolic criteria were not present, but there were insulin autoantibodies, individuals were characterized as having a 26 -50% 5-year risk. There was no overall effect from the intervention in either trial.
Procedures
The interventions for the parenteral and oral insulin trials were recombinant human ultralente insulin and recombinant human insulin crystals, respectively. OGTTs were performed at 6-month (Ϯ3 month) intervals. For each OGTT, fasting samples were obtained before oral glucose administration (1.75 g/kg; maximum 75 g carbohydrate) and then at 30, 60, 90, and 120 min. If OGTTs were in the diabetic range, participants were asked to return for confirmation with another OGTT (unless contraindicated). The procedure for the intravenous glu- 
Laboratory measures
Methodologies for assessing autoantibody positivity in DPT-1 have been described (9) . These included measurements of ICAs by indirect immunofluorescence and insulin autoantibodies by competitive fluid-phase radioassay. Plasma glucose was measured by the glucose oxidase method. Insulin and C-peptide were measured by radioimmunoassay. The interassay coefficient of variation for the C-peptide assay was 6.9% in a reference pool with relatively high values and 7.8% in a reference pool with relatively low values. Fasting C-peptide values in the undetectable range (Ͻ0.2 ng/ml) were assigned a value of 0.1 ng/ml for the analyses.
Data analysis
For group and paired comparisons, t tests and 2 tests were used. Spearman correlation was used to assess association. Cox proportional hazards regression was used for assessing type 1 diabetes associations over time. Glucose tolerance abnormalities were defined as follows: impaired fasting glucose ϭ fasting glucose value 100 -125 mg/dl; indeterminate ϭ 30-, 60-, and/or 90-min glucose value Ն200 mg/dl; and impaired glucose tolerance ϭ 2-h glucose value 140 -199 mg/dl. The thresholds for diabetes were a fasting glucose value Ն126 mg/dl and/or a 2-h glucose value Ն200 mg/dl. The sum of C-peptide levels after 30 min was calcu- lated by subtracting the 30-min values from the 60-, 90-, and 120-min values and adding the sum of each of the differences. The first-phase insulin response was defined as the sum of insulin levels at the 1st and 3rd min of the intravenous glucose tolerance test. The trapezoidal rule was used to calculate OGTT AUC. The SAS 9.1.3 version was used for the analyses. All P values are two-sided.
RESULTS -A total of 504 DPT-1 participants Ͻ15 years of age were included in the overall study cohort (n ϭ 504; 9.2 Ϯ 3.1 years; 59% male). Of these individuals, data were analyzed for sequential glucose and C-peptide levels in 36 (9.0 Ϯ 3.1 years; 58% male) who progressed to type 1 diabetes (progressors) and 80 (9.0 Ϯ 3.3 years; 65% male) who did not progress to type 1 diabetes (nonprogressors). The progressors had OGTTs performed every 6 Ϯ 3 months for at least 2 years before diagnosis, whereas the nonprogressors had OGTTs performed every 6 Ϯ 3 months for at least 2 years before the last visit. The progressors and nonprogressors all had normal glucose tolerance at baseline.
Glucose and C-peptide curves from OGTTs performed at baseline and at 2.0 and 0.5 years before diagnosis in the progressors, or at baseline and at 2.0 and 0.5 years before the last visit in the nonprogressors, are shown in Fig. 1 . Glucose levels (Fig. 1A) increased significantly from baseline to 0.5 years at all OGTT time points in both the progressors and nonprogressors, but to a greater extent in the progressors. The increase in the AUC glucose from baseline to 0.5 years was highly significant for both (P Ͻ 0.001).
C-peptide levels (Fig. 1B ) increased significantly at each OGTT time point from baseline to 0.5 years in the nonprogressors (P Ͻ 0.001 for the AUC Cpeptide from baseline to 0.5 years). However, the change in C-peptide levels from baseline to 0.5 years in the progressors varied according to the OGTT time point. Fasting and 120-min C-peptide levels increased from baseline to 0.5 years (P Ͻ 0.01 and P Ͻ 0.05, respectively) in the progressors, but there was no significant change at the other OGTT time points nor in the AUC C-peptide (P ϭ 0.936).
We compared the 30 -0 min Cpeptide difference at baseline and every 6 months for 2 years before diagnosis in the progressors with the 30 -0 min C-peptide difference at baseline and at corresponding times before the last visit in the nonprogressors. (Among the 504 participants at baseline, there was a positive correlation between the 30 -0 min C-peptide difference and the first-phase insulin response [r ϭ 0.50, P Ͻ 0.001]). The 30 -0 min C-peptide difference ( Fig. 2A ) was similar at baseline; however, by 2.0 years, that difference was lower in the progressors (P Ͻ 0.01). Among the progressors, the 30 -0 min C-peptide difference declined from baseline to 0.5 years before diagnosis (P Ͻ 0.01).
Whereas the 90 -60 min C-peptide difference (Fig. 2B) was negative (i.e., the 90-min value was less than the 60-min value) at all times before the last visit in the nonprogressors, it was positive at all times before diagnosis in the progressors. This contrast was not only significant at 2.0 (P Ͻ 0.01), 1.0 (P Ͻ 0.01), and 0.5 years (P Ͻ 0.001), but also at baseline (P Ͻ 0.05).
As an overall measure of later Cpeptide responsiveness to oral glucose, we used the sum of each of the C-peptide differences of the 30-min value subtracted from the values at 60, 90, and 120 min (C-peptide sum after 30 min). Figure  3 shows that those values were significantly higher in the progressors than in the nonprogressors at corresponding time points from 2.0 years to 1.0 year. Values were also higher, but not significantly so, at baseline and at 0.5 years. Among the progressors, the C-peptide sum after 30 min increased significantly from baseline to all subsequent time points (P Ͻ 0.05 from baseline to 2.0 years and to 0.5 years; P Ͻ 0.01 from baseline to 1.5 years and to 1.0 year). Consistent with the above findings, the timing of the peak C-peptide was delayed in the progressors. The percentage of individuals with the peak C-peptide occurring at 120 min was significantly higher in the progressors at 2.0 years (39 vs. 21%, P Ͻ 0.05). By 0.5 years, the peak C-peptide occurred at 120 min in 56% of the progressors compared with 18% of the nonprogressors (P Ͻ 0.001). Actual peak C-peptide levels did not differ between the progressors and nonprogressors until 0.5 years (P Ͻ 0.01). Among the full cohort of 504 at baseline, the occurrence of the peak C-peptide at 120 min and the 90 -60 min C-peptide difference (above versus below 0) were both highly predictive of type 1 diabetes with and without age as a covariate (P Ͻ 0.001) in proportional hazards models; the peak Cpeptide level was somewhat predictive (P ϭ 0.028), but not with age in the model. Figure 4 shows C-peptide changes in the progressors who had OGTTs 0.5 years before diagnosis and at diagnosis (n ϭ 66), and in the nonprogressors who had OGTTs 0.5 years before the last visit and at the last visit (n ϭ 192). The 30 -0 min C-peptide difference (Fig. 4A) declined considerably in the progressors (P Ͻ 0.001). The C-peptide sum after 30 min declined somewhat at diagnosis, but not below levels in the nonprogressors at the last visit (Fig. 4B) . Even at diagnosis, the delay in the peak C-peptide persisted. The peak C-peptide occurred at 120 min in 52% of the progressors at diagnosis compared with 23% of the nonprogressors at their last visit (P Ͻ 0.001).
CONCLUSIONS -The data suggest that the early C-peptide response to oral glucose can be decreased for at least 2 years before the diagnosis of type 1 diabetes and especially as diagnosis approaches. Although the early C-peptide response to the glucose challenge declines, C-peptide levels increase at later time points. This was evident in the interval from 60 to 90 min. The C-peptide increase in that interval in the progressors contrasted with the decline in the nonprogressors. It appears that the increase in C-peptide levels from 60 to 90 min can occur even 3 years before diagnosis. This prolonged increase in C-peptide levels after the glucose challenge is also manifested by a delayed peak C-peptide at least 2 years before diagnosis.
It is possible that the continuing increase in C-peptide levels after 30 min in progressors occurs as a result of the deficient early C-peptide response. However, the later C-peptide response still does not prevent glucose levels from rising, as is evident in Fig. 1 . The decrease in the Cpeptide sum after 30 min at diagnosis suggests that the later response is also failing by that time.
There are few longitudinal data available regarding the metabolic progression to type 1 diabetes. Although we have previously examined changes in C-peptide and glucose indexes with progression to type 1 diabetes (4), data pertaining to the timing of the C-peptide response before the diagnosis of type 1 diabetes has not been reported, nor has the prediction of type 1 diabetes by the timing of the C-peptide response been reported. A decreased early insulin response was a risk factor for progression to type 2 diabetes in Pima Indians. However, in contrast to our findings for type 1 diabetes, a decreased (rather than increased) later insulin response was predictive of type 2 diabetes in Pima Indians with impaired glucose tolerance (10) .
The decreased early C-peptide response together with the increased later C-peptide response to oral glucose that we observed in the "pre-diabetic" state of type 1 diabetes is similar to the abnormal insulin responses to oral glucose in patients already diagnosed with type 2 diabetes (11, 12) . This suggests that there could be some commonality between the disorders in the progression of metabolic abnormalities.
The analysis was limited to children, since the nonprogressors were appreciably older than the progressors in the full DPT-1 cohort. By restricting the analysis to younger individuals, differences in progression due to an age effect were minimized. Also, among individuals who developed type 1 diabetes, pathogenetic heterogeneity related to age was lessened. The numbers were insufficient to specifically examine the older age-group. Because a number of the nonprogressors would probably ultimately develop type 1 diabetes, and thus were not metabolically normal, differences between progressors and a normal reference group could be even more substantial. It is of interest that there was such a marked increment in C-peptide over time in the nonprogressors. This could represent typical changes with aging, early pathogenetic changes, or both. The pattern of change suggests increasing insulin resistance over time.
The findings in this report help to explain why such measures as peak Cpeptide and AUC C-peptide values provide relatively little information with regard to the prediction of type 1 diabetes and to its natural history. Those indexes change little with progression because the deficient early C-peptide response to the oral glucose challenge is somewhat balanced by a continuing compensatory response until close to diagnosis. Thus, the peak C-peptide and AUC C-peptide indexes fail to detect the substantial changes in the ␤-cells that are occurring years before diagnosis. It is evident that OGTTs can yield appreciably more prediction and natural history information when they are partitioned according to the time after the glucose challenge.
